ABSTRACT We studied the ultrastructural characteristics of alveolar basement membranes (ABM) and capillary basement membranes (CBM) in rat lungs at birth, at 8-10 d of age, during alveolar formation, and at 6-10 wk of age, after most alveoli have formed. We also measured in vitro lung proteoglycan and heparan sulfate synthesis at each age. We noted three major age-related changes in pulmonary basement membranes. (a) Discontinuities in the ABM through which basilar cytoplasmic foot processes extend are present beneath alveolar type-2 cells but not alveolar type-1 cells. These discontinuities are most prevalent at birth but also exist in the adult. (b) Discontinuities are also present in CBM at the two earliest time points but are maximal at 8 d of age rather than at birth. Fusions between ABM and CBM are often absent at 8 d of age, but CBM and CSM/ABM fusions were complete in the adult. (c) Heparan sulfate proteoglycans identified with ruthenium red and selective enzyme degradation are distributed equally on epithelial and interstitial sides of the ABM lamina densa at birth, but decrease on the interstitial side with age. In vitro proteoglycan and heparan sulfate accumulation at birth was two times that at 8 d and five times tha: in the adult. Discontinuities in ABM allow epithelial-mesenchymal interactions that may influence type-2 cells cytodifferentiation. Discontinuities in CBM suggest that capillary proliferation and neovascularization are associated with alveolar formation at 8 d. When CBM becomes complete and forms junctions with ABM, lung neovascularization likely ends as does the ability to form new alveoli.
The lung parenchyma of most mammalian species contains few recognizable gas exchange units (alveoli) at birth (1). The majority of alveoli develop postnatally in a short period of time ranging from days in small rodents to years in man (1, 2). After this intense period of restructuring of the gas exchange surface of the lung, few new alveoli form under normal circumstances. Furthermore, once this period of postnatal morphogenesis has passed, the mature lung appears incapable of forming large numbers of new alveoli in response to growth stimuli such as pneumonectomy (3) . Thus the circumstances associated with formation of lung gas exchange units appear to be unique and limited to a relatively short period of postnatal life.
Basement membranes have been shown to play an important role in regulating tissue morphogenesis in a number of organs (4) . Much of this role involves regulation of the interface between epithelium and mesenchyme and regulation of proliferation and differentiation of key cells in the morphogenic process. Basement membranes also compartmentalize tissues, thus contributing to their structural organization. These basement membrane developmental functions have been demonstrated in tissues as diverse as cornea (5) , tooth (6) , and kidney (7, 8) , and in branching organs such as salivary and mammary gland (9) (10) (11) . Branching morphogenesis of the bronchial tree in fetal life also seems to involve interaction of epithelium and mesenchyme, most likely regulated by airway basement membranes (12) (13) (14) (15) . However, little information exists relating to the role that basement membranes might play in development of the gas exchange surfaces of the lung during postnatal life.
Because the process of postnatal alveolar formation involves tissue compartmentalization, cell proliferation and differentiation, and most probably epithelial-mesenchymal interactions, it seems likely that components of basement membranes would be important determinants of postnatal alveolarization. We have therefore applied methods for highlighting basement membrane components previously used by us for defining the ultrastructure of alveolar wall basement membranes in the adult rat (16, 17) to define changes that occur in basement membranes during postnatal formation of alveoli. We have studied the rat lung, because the stereology (2), morphology (18) , and physiology (19) of lung growth in this animal is so well defined. We show that there is considerable restructuring of both alveolar (ABM) and capillary (CBM) basement membranes during the early postnatal period; that epithelial-mesenchymal interactions may be involved in early postnatal lung growth; and that neovascularization and compartmentalization of the alveolar wall by capillary basement membranes is an important facet of lung structuring at this stage and may be linked to the inability of adult lung to form new alveoli. We also demonstrate an age-related change in the distribution but not type of alveolar basement membrane-associated proteoglycans and show that synthesis of sulfated proteoglycans is greater in newborn than in adult lung.
MATERIALS AND METHODS
We studied rats between birth and 6-10 wk of age. Animals were raised from litters that were adjusted to eight pups per mother at birth. Four to six animals per age group were sacrificed by intraperitoneal injection of 2 mg/100 g body weight of sodium pentobarbitol.
Tannic Acid Fixation
In most animals the trachea was exposed and cannulated and the lungs were inflated to 25-30 cm HzO pressure with 1% tannic acid and 2% glutaraldehyde in 0.075 M phosphate buffer pH 7.2-7.3. The chest cavity was opened and random samples of each lobe were excised, minced into l-2-mm cubes, and placed in fresh fixative for 2-3 h at room temperature. Following tannic acid/glutaraldehyde fixation, tissue blocks were rinsed four times over 10 min with 0.075 M phosphate buffer containing 0.18 M sucrose. Tissue blocks were postfixed for 1-2 h in 1% osmium tetroxide in phosphate buffer with sucrose at room temperature. After osmium fixation, the tissue was quickly rinsed in two changes of buffer and rapid-processed through ascending concentrations of acetone. Blocks were infiltrated in a mixture of Poly 812, Araldite 502, DDSA, and DMP-30 split 50:50 with acetone for 20 rain on a standard rotor. Final infiltration included two additional changes of 100% resin mixture for 30 min on the rotor. Blocks were embedded in fresh resin and polymerized at 60°C for 1 h. Before thin sectioning, the plastic was further polymerized for 1 h at 100°C. Routine thin sections were obtained with g~ass or diamond knives and stained with uranyl acetate and lead citrate. Electron micrographs were prepared with a Philips EM 300 electron microscope.
known to selectively degrade dermatan sulfate, chondroitin 4-sulfate, and chondroitin 6-sulfate (20) . F. heporinum enzyme was prepared as previously described (21) by sonication of lyophilized bacteria followed by filtration to remove particulate matter, and was used at a concentration of 3 U/1.0 ml of PBS added to tissue pieces (21) . This enzyme preparation contains chondroitinase, dermatanase, hepafinase, and heparanase activity and thus will degrade all sulfated glycosaminoglycans except keratan sulfate (22) . It has been previously shown that the preparation has no detectable collagenase, protease, sialidase, or fucosidose activities (21) and thus would appear to be specific for glycosaminoglycans. Control and enzyme-treated lung pieces were incubated at 37°C for 30 min.
Following enzyme digestion, the tissues were removed, washed, and analyzed for the remaining proteoglycans. heparinum enzyme at 37°C for 40 min and applied to a Sephadex G-50 column to separate the remaining glycosaminoglycans from degradation products. (b) Tissue samples taken before and after enzyme digestion were fixed with glutaraldehyde containing ruthenium red stain, prepared for electron microscopy, and utilized for morphometry of basal membrane anionic sites.
Morphometry of Basement Membrane Anionic Sites and Type 2 Cell Basilar Processes
Tissue samples of three animals from each age group stained with ruthenium red and subsequently prepared for electron microscopy were utilized for morphometry of basement membrane anionic sites. 30 pictures per animal were taken at random of the alveolar and capillary basement membranes. All negatives were enlarged to the same print magnification to count ruthenium red-positive sites. Areas of basement membrane that were tangentially sectioned or did not contain a lamina densa were discarded. We measured the length and counted the total number of ruthenium red granules associated with ABM and CBM present in each micrograph. The total numbers of sites on either side and in the center of the lamina densa associated with the ABM were separately counted and recorded.
Tissue samples from lungs to two -three animals from each age group, fixed with tannic acid as described above, were utilized for analysis of alveolar type-2 cell foot processes, and ABM and CBM morphometry. 30 type-2 ceils pe~ animal were randomly observed and recorded. For each type-2 cell, we counted the number of basilar cytoplasmic processes and the number of times these processes penetrated the lamina densa. We also followed the lamina densa around the basal cell membrane associated with each type-2 cell and rated its continuity between 0 and 100%. 30 capillaries were also randomly observed per animal per each group fixed in tannic acid. The amount of CBM covering each capillary unit was rated between 0 and 100% and separately recorded.
Ruthenium Red Staining
Additional animals from each age group were sacrificed and lungs were inflated with a 1% Triton X-I00 and 1% ruthenium red mixture in Mcllvaine's buffer pH 5.6. Samples of the whole lung were excised and incubated in fresh buffered detergent with ruthenium red for 1 h with gentle agitation. The detergent Triton was used to maximize penetration and staining by ruthenium red of basement membrane anionic sites (16) . Tissue samples were fixed in 5% glutaraldehyde plus 1% ruthenium red in Mcllvaine's buffer overnight at 4°C. The next day, the blocks were washed four times, 5 min each with fresh buffer containing ruthenium red, and postfixed for I-2 h in 1% osmium tetroxide in Mcllvaine's containing 0.75% ruthenium red. Tissue samples were rapid-processed through acetone and embedded in plastic using the method in Section A.
Characterization of Basement Membrane Anionic Sites
Minced pieces of perfused lung were washed with sterile Minimum Essential Medium (MEM). 40-50 pieces were placed in a 25 cm 2 flask in 8 ml of MEM containing 10% fetal calf serum and 2 mM glutamine. The MEM was sulfatefree, having MgClz substituted for MgSO4. 800 #Ci of Na2a~SO4 (200 #Ci/mm) was added to the 8 ml of complete medium and incubated for 20 h at 37°C in 5% CO~ and air in order to provide uniform labeling of newly synthesized [35S]-proteoglycans.
The tissue pieces were removed and washed repeatedly with iced PBS contaming 0.68 mM CaC12 and 0.4 mM MgSO4. When the tissue pieces were free of Na2a~SO4, they were incubated with additional phosphate-buffered saline (PBS), chondroitinase ABC, or crude Flavobacter heparinum enzyme.
Chondroitinase ABC (Miles Laboratories Inc., Elkhart, IN) was used at a concentration of 0.5 U/I.0 ml of PBS added to tissue pieces. This enzyme is
RESULTS
The change in lung structure that occurs over the first 21 d of postnatal life is illustrated in Fig. 1 . At birth, lung parenchyma consists of thick-walled, cellular saccules with capillaries facing airspace on each side of the saccule. By 8 d of life, saccule walls have thinned and become less cellular and buds of new alveoli have begun to form. By 21 d, alveoli are thin, relatively acellular, and contain a single rather than double capillary network. Fig. 2 illustrates alveolar basement membrane (ABM) beneath an alveolar type-2 cell at birth. There are large areas of the cell under which no ABM appears. In addition, several cytoplasmic foot processes extend from the basilar surface of the type-2 cell into the interstitium. Average ABM continuity was 76 ± 2% (SEM) beneath type-2 cells at birth, 86 ± 2% at 8 d, and 90 ± 2% in the adult (see Fig. 3 ). Although the number of basilar foot processes was similar at all ages, twice as many of these foot processes extended into the interstitium at birth compared with the other ages. The ABM was continuous beneath alveolar type-1 cells at all ages and in no instance did ABM penetrating foot processes appear beneath type-I cells. In the adult alveolar wall, capillaries are virtually completely encircled by basement membrane: ABM on the thin side of the alveolus and CBM on the thick or interstitial side (Fig. 4a) . Fig. 5 shows that CBM covered 99 + 2% of capillary interstitial side surface in the adult and that no capillaries had CBM discontinuities of > 10% of their surface. In contrast, capillaries at birth often had large areas without CBM (see Fig. 4b ). Approximately one-third of capillaries were completely covered by CBM, one-third were 90--99% covered, and one-third were 70-90% covered, i.e., 10-30% of their surface had no CBM (see Fig. 5 ). Junctions between CBM and ABM that serve to fLX the capillary in place, forming the thin side of the alveolar wall in the adult, were often absent in this group of capillaries (see Fig. 4c and d) . At 8 d, average CBM continuity fell to 72%, and >40% of capillaries appeared to have <70% CBM covering (see Fig. 5 ). The number of capillaries completely covered by CBM fell to <20%. Junctions between CBM and ABM were often absent in capillaries with large CBM discontinuities. In addition, capillaries at birth and at 8 d were often lined by endothelial cells that had sproutlike projections that on occasion formed small luminal and abluminal channels (see Fig. 6 ). In contrast, capillaries in the adult were covered by smooth nonconvoluted endothelial cells. Fig. 7 illustrates a third age-related feature of ABM. At birth, ruthenium red-staining anionic sites appear on both the epithelial (luminal) and interstitial or endothelial (abluminal) sides of ABM. There are fewer abluminal anionic sites at 8 d and even fewer in the adult. These differences are accentuated in ABM sectioned in a tangential plane (Fig. 7 d and e) . Fig. 8 shows that the relative distribution of luminal to abluminal sites is 1.4:1 at birth and changes to 4.6:1 or almost five luminal for every abluminal site in the adult. The change in distribution is due primarily to a decrease in abluminal sites from 1.01 to 0.38 sites/nm rather than an increase in the number of luminal sites, which remains relatively constant (see Table I ). We have previously shown that in the adult all ruthenium red-positive anionic sites on the ABM represent heparan sulfate proteoglycans. Selective enzyme degradation studies demonstrate that all ABM anionic sites are heparan sulfate at birth and at 8 d (see Fig. 9 ).
The net amount of [35S]proteoglycan formed in the perfused minces is shown in Table II 
DISCUSSION
We have described three major changes that occur in the ultrastructure of alveolar wall basement membranes during early postnatal lung growth. First, large discontinuities appear in the ABM beneath alveolar type-2 cells at birth. Alveolar basement membranes beneath type-2 cells become more complete at 8 d of age and in the adult although basilar cytoplasmic foot processes from these cells extend into the interstitium at all ages. Second, discontinuities appear in the CBM at birth and increase in degree at 8 d of age during the time of peak alveolar proliferation. The CBM becomes complete as do fusions between CBM and ABM in the adult. Third, heparan sulfate proteoglycans are evenly distributed on luminal and ablurainal sides of the ABM at birth; however, there is a progressive decrease in the percent and linear density of ahluminal proteoglycans at 8 d of age and in the adult. These observations have been coupled with data showing that in vitro lung proteoglycan accumulation at birth is twice that at 8 d of age and five times that of the adult. Despite the dramatic decrease in lung proteoglycan accumulation that occurs with age, heparan sulfate accounts for 25-30% of proteoglycan synthesis at each age. We believe that the above observations provide insights into how alveolar walls are structured and how the lung gas exchange surface forms during early postnatal life.
ABM Discontinuities
The discontinuities we have described in ABM are associated with extension of type-2 cell foot processes into the interstitium of the alveolar wall. The link between greater discontinuities and more foot processes extending into the interstitium at birth might be expected from the studies of Sugrue and Hay (23) , who showed similar cytoplasmic extensions in corneal epithelial cells in the absence of basement membrane components beneath the cell. The type-2 cell foot processes provide a mechanism for epithelial-mesenchymal interactions within the alveolar wall. There is extensive experience with a number of organs showing that these communications generally involve potential epithelial-mesenchymal contact and can influence the function of both epithelial and mesenchymal cells (5, (24) (25) (26) (27) (28) . Such interactions have been shown to be important in regulating development of the tracheobronchial tree in early fetal life (12) (13) (14) (15) . There is little information about the involvement of these cell-cell interactions in the development of the pulmonary gas exchange surfaces in late fetal and early postnatal life, although Smith and co-workers (29) have shown that fetal lung fibroblasts produce a factor that stimulates incorporation of precursors into phospholipid in cultures type-2 ceils and have suggested that interstitial fibroblasts may produce somatomedin-C, which is a type-2 cell mitogen (30) .
The alveolar type-2 cell is a cuboidal, metabolically active cell that synthesizes and secretes a surface tension-lowering phospholipid onto the alveolar surface and that also serves as a stem cell from which the alveolar type-1 cells are derived (31) . In a variety of circumstances that includes the late fetal period (32) , postnatal lung growth (33) , postpneumonectomy compensatory tung growth (34) , and lung repair following 398 THE JOURNAL OF CELL BIOLOGY -VOLUME 95, 1982 injury (35, 36) , some proliferating type-2 cells are induced by as yet unknown signals to lose their surfactant-synthesizing function and differentiate into type-1 lining cells. The type-1 cell is a long, thin cell with few cytoplasmic organelles that covers >95% of the alveolar surface in the adult rat lung (37) .
In late fetal and early postnatal life, the type-2 cell is called upon to perform two distinct functions. The first requires surfactant production in preparation for the transition from liquid to air breathing and involves maturation of the cell's phospholipid synthetic machinery (38) . The second function requires formation of additional alveolar surface as the fetal lung first distends with liquid and then expands dramatically during the change to air breathing (39) . The timing of appearance of type-2 cell ABM discontinuities in the fetal rat lung has been reported from this laboratory by Grant and coworkers (40) . They found that ABM discontinuities begin to appear on fetal days 19 and 20 and are maximal in extent after birth. There was no correlation between the degree of maturity of the type-2 cell, as judged by number of lamellar bodies, and ABM discontinuity. Thus the timing of ABM discontinuities appears to be most closely related to the perinatal demand for new surface area and differentiation into type-1 alveolar lining cells. Our finding that proteoglycan synthesis, especially heparan sulfate synthesis, is greater at birth, when little interstitial collagen is present (19) , than at the other ages studied, suggests that large amounts of new basement membrane are being made at this time. If epithelial-mesenchymal interactions through ABM are important in this process, they may function to stimulate stromal synthesis by the type-2 cell, which is capable of basement membranes in vitro (41) . Type-1 cells have no apparent epithelial-mesenchymal contacts and, since these cells derive from type-2 cells, the type-2 cell may produce its own ABM in vivo in the process of lengthening and differentiating into type-1 cells.
CBM Discontinuities
A second major change in alveolar wall basement membranes relates to formation of CBM rather than ABM. At birth, about one-third of capillaries have incomplete or discontinuous CBM. At 8 d of age, when lung alveolarization is at its peak, the vast majority of capillaries have incomplete CBM. In the adult, when alveolarization has slowed or ended virtually all capillaries are completely encompassed by CBM. Furthermore, many capillaries at 8 d are lined by endothelial cells that have Fmgerlike cytoplasmic protrusions that often form multiple luminal and abluminal channels, whereas adult endothelial cells displayed smooth surfaces without endothelial cytoplasmic projections. These findings are similar to those described in neovascularized tissues (42, 43) , suggesting that angiogenesis is an important facet of early postnatal lung growth associated with formation of new alveoli and that local or systemic factors controlling angiogenesis may play an important role in regulating postnatal lung growth.
We have also noted that fusions of CBM with ABM, which serve to lock the capillary in place against the alveolus and isolate capillary endothelium in a sheathlike fashion in the adult (17) , are scattered and infrequent at birth and 8 d. This suggests that, when early postnatal CBM formation and fusion to ABM is complete, the neovascularization of the alveolar wall, which characterizes early postnatal lung growth, ends. Thereafter, further growth of the lung is associated with enlargement of alveoli and lengthening of capillaries within their CBM sheath, but new vessels and new alveoli no longer form. Thus the completed CBM may serve as a barrier to new vessel formation and prevent formation of new alveoli in the adult.
A B M Proteoglycans
A third major morphologic change in the ABM relates to the decrease in abluminal heparan sulfate proteoglycans that occurs with age. There is a 47% decrease in abluminal ABM anionic site density between birth and 8 d of age and 73% decrease between birth and the adult. The decrease occurs in ABM beneath both types-1 and -2 cells, again supporting their common origin. This selective decrease in abluminal sites without change in luminal sites could represent either a loss of preexisting abluminal proteoglycans, perhaps because little interstitial collagen is present to stabilize these sites (44) , or diminished production of abluminal heparan sulfate proteoglycans as new ABM is synthesized during the 10-fold increase in alveolar surface area between birth and 6 wk of age (2) . The abluminal heparan sulfate proteoglycans could serve a variety of functions but the timing of change in these proteoglycans suggests that they may be involved in postnatal structuring of the alveolar gas exchange surface. One such function might relate to cell-substrate adhesion regulating the formation of the "thin side" of the alveolar wall where endothelial ceils lie immediately adjacent to alveolar epithelium separated only by the ABM, because glycosaminoglycans have been shown to influence cell adhesion (45) (46) (47) . A second function of abluminal heparan sulfate proteoglycans may also relate to formation of the thin gas exchange side of the alveolar wall. Capillary endothelium is gradually encompassed by CBM during the postnatal period except when it is in close approximation to the ABM. There, no CBM appears and the gas exchange surface that is formed consists of epithelium, a single ABM, and endothelium. It is possible that CBM is made, but does not stabilize adjacent to ABM because of the high density of abluminal heparan sulfate proteoglycans. Several studies have shown that glycosaminoglycans may play an important role in regulating collagen formation (48) (49) (50) although no information exists about their effect of type-IV collagen assembly. Our studies suggest that basement membranes of the alveolar wall are intimately involved in the postnatal structuring of the lung associated with formation of its gas exchange surfaces. It is likely that epithelial-mesenchymal interactions established through the ABM are involved with cytodifferentiation of the alveolar epithelium and may also be involved in the production of the ABM itself. Changes in CBM suggest that angiogenesis is a major facet of early postnatal lung growth and perhaps a controller of alveolar formation. It is likely that ABM-associated heparan sulfate proteoglycans, and perhaps other ABM glycoproteins not visualized in these studies, are involved in structuring of the thin gas exchange surface of the lung as new alveoli form. The links between alveolar formation and basement membrane modification also suggest that the changes we have described may be associated with the inability of the mature lung to form new alveoli.
